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but restricted to orthogonal coordinates. In this method, the primary flow equations, which include the streamwise momentum, transverse pressure, and energy equations, are solved first for the streamwise velocity, static pressure, and total enthalpy assuming that the crossflow velocities are known. With the primary flow variables known, the secondary flow equations, which include the continuity, vorticity, and vorticity transport equation, are solved for the secondary flow variables which are the streamwise component of vorticity, and the two cross flow velocity components. The method has also been modified and applied to analyze the flowfield within the mixing duct of the ejector [6] . The ejector analysis procedure combines empirical data obtained from previous analytical/experimental studies with the PNS technique. Computational studies have been reported for a flat plate shroud, flight-inlet ejector, containing either a mixer or a slot nozzle operating at an exit Mach number of 1.5.
Ejector Plume Analysis Approach
In the previously conducted ejector analysis studies, the flow field within the mixing duct or internal flow portion of the exhaust system is controlled by the mixed-out exit static pressure and the nozzle exit flow field. Therefore, the PNS-based analysis, which required input parameters to initialize the calculation, resorted to a combination of experimental and empirically determined parameters at the starting plane of the calculation. For example, internal flow calculations have been performed (see Appendix) where the experimentally determined pumping rate was specified and the equilibrium jet approximation imposed (P. = Pj) in lieu of specifiying the ejector exit static pressure to drive the pumping. In those calculations, the nozzle exit or jet (J) conditions have been assumed to exhibit the same distributional characteristics as measured in the unshrouded mixer nozzle program [2] .
The specific level of induced exit plane vorticity ( however, has to be empirically determined from the experimental levels of pumping. Experience in setting this parameter and validation of the internal flow model has been obtained by performing calculations on mixer-ejector configurations previously studied experimentally at UTRC.
In the current analytical effort, the experimental PTJ, TTj, and Q (determined from U 2 , U 3 LV data)
are combined with the freestream or coflowing conditions to generate the starting plane profile. The PT and TT data are then normalized using the following relation,
where the subscript (J) refers to the jet (primary) conditions, and the subscript (00) refers to the free stream (secondary) conditions. In this format, the flow conditions can be rescaled to the test conditions.
The initial cross flow velocity components U 2 , U 3 are also very important because they determine the magnitude of the enhanced mixing. These cross plane velocities were determined in an indirect manner since the analysis requires as input the streamwise component of the vorticity f)(Y 2 ,Y 3 )
and then solves the Cauchy-Riemann problem given by,
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The external or plume portion of the calculation is performed over a domain of sufficient lateral and axial extent so as to capture the mixing of the jet to ambient conditions. This calculation can be initialized using the exit flow field from the internal calculation and the ambient coflowing 
Geomnetry and Grid Issues
A schematic of the mixer ejector exhaust system is shown on Figs Good agreement is noted for the limited data available. Closer study notes that the rapid initial decay reaches a plateau region and is eventually passed by the faster farfield decay rate of the more conventional slot ejector configuration. The presence of the plateau region will be explored in more detail in the assessment of a full-scale configuration.
Parametric studies
The comparisons of the PATH PNS analysis with experimental data have been used to validate the computational approach. The analysis can therefore be now used to explore the dependence of a number of key physical and numerical parameters on the rate of plume mixing.
Grid density study: One aim of the present study is to perform mixing effectiveness studies on the exit plume. This required a complete flow field definition, specified sufficiently far downstream so that the warmest region of the flow was only 10% from the freestream total temperature level demonstrated that the turbulence parameters k and e data also had to be specified.
While the full-scale or larger geometry implies a larger Reynolds number and probably thinner boundary layers, the total pressure and temperature data are assumed to remain unchanged in the geometrical transformation, just redistributed over the enlarged exit plane. The vorticity data however cannot remain unchanged and must be modified. If one observes that exit flow angle of 1 I the nozzle exhaust remains the same when the mixer nozzle is enlarged by L, then U 2 and U 3 also remain unchanged. The vorticity field, defined below,
is reduced by L. In a similar fashion, one can observe that since the turbulence intensity k is j proportional to u'/Ui and that the fluctuating scales are typically unaffected by geometrical scale, k can be considered as unchanged for a full-scale simulation. On the other hand, the turbulent dissipation c data must be modified. Recalling that if
L then ej zz-acale must be decreased by L. This adso implies that the turbulent viscosity AT, given by
is correspondingly larger in the full scale problem and therefore the rate of jet mixing is increased.
A geometrical scale factor of approximately 7 was selected for resizing the model-scale nozzle to that of a typical modern fighter engine scale. Calculations for this configuration, using the PATH code, have been largely unsuccessful, primarily due to numerical instabilities arising at the shear layer interface of the ejector and free stream flows. An alternative approach was developed, wherein full Navier-Stokes (elliptic) code called NASTAR was utilized for the plume calculation. Starting conditions defined above were used to initialize a series of Navier-Stokes (NS) calculations. The NASTAR code, developed by Rhie [91, [10] is based on a control-volume pressure-correction scheme (similar to the "TEACH" code). Since the plume flow field is essentially parabolic, the axial extent was subdivided into 5 segments in order to accerelerate the numerical convergence. The computational mesh used was 75 by 75 in the crossplane, clustered near the initial ejector/free stream shear layer interface. Upstream flow conditions were selected to maintain PT and Po,, with TT changes (1000', 1250', 15000 F) specified to reflect different engine power settings. Figure 11 illustrates that the normalized centerline stagnation temperature decay, TT, shows little dependence on a 50% increase in supply temperature.
An interesting point to note about the centerline decay characteristics is the extremely long axial extent required to reach ambient conditions. A major factor leading to this feature is the plateau region established. Figure 12 illustrates the crossplane stagnation temperature field at three axial I locations in the plume, one in the initial decay region, one in the middle of the plateau region, and one at the end of the plateau region. It is readily evident that the initial rapid decay of the lobe region to the shroud walls suppresses further mixing in the vertical direction until the side wall shear layers mix inward to "circular-like" jet pattern. At this point, the plume continues to actively mix in all direction at an "effective" round jet rate. 1200. 2400. 3600.
x, in. Initial conditions for this analysis are required at the primary flow nozzle exit plane X = 0.0 (see Fig. 2 ) in order to calculate the flow in the mixer ejector exhaust system. These conditions were not measured in any of the tests cited above. However, experimental data is available from the tests conducted by Patrick et al. [2] for same the slot nozzle and the advanced mixer nozzle operating as free jets. This data consists of normalized total pressure PT, normalized total temperature TT, and cross flow velocity components U 2 , U 3 traverses at the nozzle exit plane. In the report by Patrick et al. [2] , a vorticity distribution was determined by estimating the vorticity distribution until the velocity components matched the measured data. This distribution was then used in the present calculations.
Cold Flow Mixer-Ejector Analysis: In our initial validation study, the cold flow mixer-ejector configuration of Presz and Morin [1] was examined. In their experiments, measurements of total pressure and Mach number at three stations inside a mixer-ejector and a slot or rectangular nozzle ejector were obtained. Schematic views of the ejector system is shown in Figs. 1 and 2 . measurements were taken at duct/primary area ratios (AR) of 3.0, 4.5. 5.2 as shown in Table I for the flow conditions given on Table 2 .
Comparisons of the measured and calculated total pressure distributions for the slot-nozzle and the advanced mixer nozzle are shown in Figs. 13 through 17 for the three planes marked in Fig. 2 . The I 1 where the centerline intersects the lobe bisector, can be seen as the mechanism for producing the four "bulls-eye" regions seen in Figs. 14 and 15. These results differ from the free jet results reported in Ref. [2] in that the strong vortex does not develop. A more objective measure of the secondary flow mixing is the absolute circulation given by,
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and the average value of the vorticity given by EH 56. 51.
Hot Flow Mixer-Ejector Analysis: Additional code validation was obtained in hot flow mixerejector comparisons with the data of Tillman et al. (2] . In their experimental studies, total temperature profiles were measured at the ejector exit plane for duct / primary area ratios (AR) of 3.0, 4.5, 5.1. The specific flow conditions for these cases are given on Table 2 . Initial plane conditions at the primary nozzle exit plane (X/L = -1.0) were obtained from the data contained in a report by Patrick et al. [2] .
Comparisons of the measured and calculated total temperatures at the mixer ejector exit plane are shown in Figs. 21 through 24. In Figure 21 , it can be seen from the experimental data that the mixing patterns previously seen in the cold flow cases is still present. The effect of the heated jet has raised increased the total pressure drop and resulted in a partial mixing of the hot exhaust flow.
Again the most prevalent structure at the exit plane is the residual effect of the nozzle core flow. The effect of increased area ratio (AR) results in greater ejector pumping. This is seen at the exit plane in Fig. 21 and along the centerline (from nozzle exit to the farfield) in Fig. 22 . The axial length has been normalized by d, the diameter of a round nozzle having an equivalent exit area to the mixer nozzle. At the ejector exit, the temperature ratio has drop almost 50%. Similar centerline decay results have been previously reported for mixer-type nozzles, however in this ejector configuration, the overall exit plane temperature level has been reduced from that observed in the isolated mixer nozzle case. It should be noted that while one frequently assesses a jet's mixing performance in terms of it's centerline history, such three-dimensional configurations exhibit flow nonuniformities off of the centerline. In such cases, the integrated mixing parameters Eqns (11) -(13) or the cross plane plots represent better measures of mixing. Detailed comparisons of measured and calculated total temperature are shown in Figs. 23 and 24. In addition, for these cases the degree of mixing for both area ratios are shown in Table 3 . The degree of mixing appears to decrease with increasing area ratio for the two area ratios indicated in Table 3 
